Abstract-Filter-bank multicarrier (FBMC) transmission system was proposed as an alternative approach to orthogonal frequency division multiplexing (OFDM) system since it has a higher spectral efficiency. One of the characteristics of FBMC is that the demodulated transmitted symbols are accompanied by interference terms caused by the neighboring transmitted data in time-frequency domain. The presence of this interference is an issue for some multiple-input multiple-output (MIMO) schemes and until today their combination with FBMC remains an open problem. We can cite, among these techniques, the Alamouti scheme and the maximum likelihood detection (MLD) with spatial multiplexing (SM). In this paper, we shall propose a new FBMC scheme and transmission strategy in order to avoid this interference term. This proposed scheme (called FFT-FBMC) transforms the FBMC system into an equivalent system formulated as OFDM regardless of some residual interference. Thus, any OFDM transmission technique can be performed straightforwardly to the proposed FBMC scheme with a corresponding complexity growth compared to the classical FBMC. 
proposed as an alternative approach to OFDM [1] . In FBMC, there is no need to insert any guard interval. Furthermore, it uses a frequency well-localized pulse shaping, hence, it provides a higher spectral efficiency [2] [3] . In the literature we find several FBMC systems based on different structures, which are listed most of them in [4] . In particular, we have focused on the Saltzberg's scheme [7] namely OFDM/OQAM. Saltzberg showed, in [7] , that by introducing a shift of half the symbol period between the in-phase and quadrature components of QAM symbols, it is possible to achieve a baud-rate spacing between adjacent subcarrier channels and still recover the information symbol free of intersymbol interference (ISI) and intercarrier interference (ICI). Thus, each subcarrier is modulated with an offset QAM (OQAM) and the orthogonality conditions are considered only in the real field [2] . Indeed, the data at the receiver side is carried only by the real (or imaginary) components of the signal, and the imaginary (or real) parts appear as interference terms. An efficient discrete Fourier transform (DFT) implementation of this modulation method has been proposed by Hirosaki [8] . In recent years, FBMC has attracted a lot of interest and many equalization and synchronization methods have been developed for this modulation. However, most of these works are related to single-input single-output (SISO) systems. It has been shown in [9] that spatial multiplexing (SM) could be directly applied to FBMC with the minimum mean square error (MMSE) equalizer. SM with maximum likelihood detection (SM-MLD) and the Alamouti space time block coding (STBC) are some of the classical techniques which constitute a central ingredient in advanced wireless communication. Unfortunately, their combination with FBMC does not work well and has remained an open problem. Despite the fact that solutions were recently proposed, they are not completely satisfying either because of their spectral efficiency loss or because of their performance degradation. We have proposed in [12] a solution for MLD based on interference estimation and cancelation, but the obtained performance was still far from the optimum. Regarding the Alamouti scheme, its application in a straightforward manner to the FBMC makes an inherent interference appear that cannot be easily removed [14] . Many works have been carried out on this topic such as [14] where the authors show that Alamouti coding can be performed but only when it is combined with code division multiple access (CDMA). The pseudo-Alamouti scheme was introduced in [16] at the expense of the spectral efficiency since it requires the 1536-1276/12$31.00 c 2012 IEEE appending of a CP to the FBMC signal. Another solution was proposed by Renfors et al. in [17] where the Alamouti coding is performed in a block-wise manner inserting gaps (zero-symbols and pilots) in order to isolate the blocks. In this paper, we propose a novel FBMC scheme, that we call FFT-FBMC, and a transmission strategy in order to get rid of the interference. We will show that this scheme provides an equivalent system model formulated as the OFDM one. Thus, the strong point of this scheme will be the fact that all the transmission techniques applied in OFDM can be straightforwardly performed in FFT-FBMC with nearly similar performance. The remainder of this paper is organized as follows. A description of FBMC modulation is presented in section II, where we give an overview of FBMC transmission over a multipath channel. Then, in section III, we present our scheme called FFT-FBMC where we perform additional IFFT and FFT operations on each subcarrier, respectively, at the TX and RX sides. We develop this scheme and provide the system model in the SISO context. After that, we extend its application to the multiple-input multiple-output (MIMO) configuration in section V where we show that Alamouti coding and the SM-MLD can be easily applied. Simulation results are provided in section VI, where the performance comparisons between the proposed scheme and OFDM are carried out. Finally, discussion and concluding remarks are given in section VII.
II. THE FBMC (OFDM/OQAM) MODULATION
We write, at the transmitter side, the discrete time FBMC signal as follows [2] 
where M is an even number of subcarriers, g[m] is the prototype filter taking values in real field, D 2 is the delay term which depends on the length (L g ) of g [m] . We have D = KM − 1 and L g = KM , where K is the overlapping factor. The transmitted symbols a k,n are real-valued symbols which are the real or the imaginary parts of QAM symbols. φ k,n = π 2 (n + k) − πnk is an additional phase term. We can rewrite (1) in a simple manner
where g k,n [m] are the shifted versions of g [m] in time and frequency. In the case of no channel, the demodulated symbol over the k th subcarrier and the n th instant is determined using the inner product of s [m] and g k ,n [m]
The transmultiplexer impulse response can be derived assuming null data except at one time-frequency position (k 0 , n 0 )
where a unit impulse is applied. Then, equation (3) becomes
where Δn = n − n 0 and Δk = k − k 0 . We notice that the impulse response of the transmultiplexer depends on k 0 . Indeed, the sign of some impulse response coefficients depends on the parity of k 0 . In this work, we essentially exploit this property. Several pulse shaping prototype filters g [m] can be used according to their properties. In this paper, we consider two different pulse shapes. The first one is the pulse shape based on the so-called Isotropic Orthogonal Transform Algorithm (IOTA) function introduced by Alard [5] . The second one is referred as the PHYDYAS prototype filter proposed by Bellanger in [3] . The overlapping factor of both pulse shapes is K = 4. All the prototype filters g [m] are designed to satisfy the real orthogonality condition given by [2] Re
Let us consider the SISO FBMC transmission. When passing through the radio channel and adding noise contribution γ k ,n , equation (3) becomes [10] 
where h k ,n is the channel coefficient at subcarrier k and time index n , and the term I k ,n is defined as an intrinsic interference. The most part of the energy of the impulse response is localized in a restricted set around the considered symbol [11] . Consequently, we assume that the intrinsic interference term depends only on this restricted set (denoted by Ω k ,n ). Moreover, assuming that the channel is constant at least over this summation zone, we can write as in [10] 
whereÎ
According to (5) and because a k,n is real-valued, the intrinsic interferenceÎ k ,n = ju k ,n is pure imaginary. Thus, the demodulated signal can be given by
III. THE PROPOSED FFT-FBMC SCHEME When combining FBMC with MIMO techniques such as STBC or SM-MLD, the presence of the interference term u k ,n (which can be seen as a 2D-ISI) causes problems and makes the detection process from r k,n very hard if not impossible. In this section, we propose a modified FBMC system scheme in order to get rid of the intrinsic interference term.
A. System model
Let us denote the transmultiplexer impulse response obtained in equation (4) by f (k0) Δk (Δn). The prototype filters are designed in a way that they provide a well-localized spectrum and spread over only a few adjacent subcarriers. The most important interference comes form the same considered subcarrier and immediate neighboring ones. Without loss of generality and for the sake of simplicity, we consider only the interference coming from adjacent subcarriers. Hence, we can split (3) into three terms and write
where a k,n are the inputs of the FBMC modulator on the kth subcarrier and the nth time instant, f 
where Unlike in the conventional FBMC, the symbols a k,n are no longer real since they are the IDFT output samples. According to (4), we have
(10) As a consequence of the orthogonality condition (equation (5)), the coefficients f (k) 0 (Δn) are zeros when Δn is a nonzero even integer. Moreover, one can notice from (10) that f
* . Hence, we can easily show that
Therefore, we can derive that
where |.| N stands for modulo operation by N . That is, one half of the symbols in each subcarrier are amplified (when |F
, but the rest are deeply faded (when |F (k) 0,n | < 1); and this yields a severe performance degradation. The solution that we propose is to transmit no data on the faded positions and double the modulation order (by transmitting complex symbols instead of real ones) on the remaining positions to keep the same throughput.
As aforementioned, f
0 (Δn) depends on the parity of the subcarrier index k. Let us consider two adjacent subcarriers k and k + 1, we have
Taking the DFT of both members of this equation, we find that
is the circularly shifted version of F (12), we obtain F This means that when |F
we transmit a complex data d k,n on the position (k, n) and we set the positions (k ± 1, n) to zero because |F (k±1) 0,n | < 1, and vice versa. Thus, thanks to this transmission strategy, illustrated in Fig. 2 , we also remove the interference terms T k−1 and T k+1 in (9) since d k±1,n = 0 when d k,n is nonzero. Then, we can write
where Ω (k) denotes the set of the time indices where we transmit useful data. Hence,
when k is even. Therefore, at the RX side we consider only the positions where n ∈ Ω (k) to recover the transmitted symbols d k,n . Thus, the equalization becomes easier since the received symbols are now free of ISI.
If we activate only one subcarrier k 0 , then the transmitted signal is
is the PSD of a k0,n and G(f ) is the Fourier transform of g [m] . Then, the transmitted spectrum is still confined in the prototype filter spectrum.
In the presence of the radio channel, we assume that the channel is invariant during N multicarrier symbols, and we can rewrite (14) , for n ∈ Ω (k) , as
where Γ k,n is the noise term at the output of the demodulator, and h k,n is the channel coefficient. Clearly, the added complexity compared to FBMC lies in the extra M IFFTs and FFTs of size N in the TX and the RX, respectively. Since N/2 samples in each subcarrier are zeros at the TX, and also only N/2 samples are needed in each subcarrier at the RX, we can use the pruned IFFT/FFT algorithms to reduce the added complexity. According to Skinner's algorithm [19] , a pruning input sample with length N/2 of an N-point IFFT requires 2N log 2 ( N 2 ) real multiplications and 3N log 2 ( N 2 )+N real additions. While Markel's algorithm [20] shows that a pruning output samples with length N/2 of an N-point FFT requires 2N log 2 ( 
B. Signal-to-noise ratio (SNR) evaluation
According to (15) , the average SNR at the output of the demodulator can be written as
where σ 2 d denotes the data power, E{.} is the expected value, h k,n is the channel gain and is assumed to be a complex Gaussian random variable with zero mean and unit variance. σ 2 s is the average signal power at the modulator output used to normalize the transmitted power to unity. Indeed, the FFT-FBMC modulator affects the transmitted power and σ 
Now, let us determine the analytic expression of E{a k,n a * k,n }. According to the aforementioned transmission strategy, we have
where d k,l,p denotes the data d k,l transmitted in the pth block of length N , and B p is the indices set of the symbols a k,n belonging to the pth block of length
In a closed form and without loss of generality, we rewrite the latter expression as
Hence, we obtain 
Since the data d k,l,p are assumed to be statically independent, we have
Therefore, the equation above becomes We remind the reader that the goal in this section is to evaluate the SNR at the FFT-FBMC demodulator given by (16) . Now, let us evaluate |F
Now, let b[m] be the noise term at the RX input. Hence, according to (3) we have
The noise term Γ k,n obtained after performing the FFT operation at the RX is given by
N nn , which yields
N nn . After processing, we can easily find that
Now, let us evaluate the variance of the noise term Γ k,n , one can write
where σ 2 0 denotes the noise power at the demodulator input. Finally, according to (20) , (21) and (22), one can rewrite (16) as
with
0 is the average SNR at the RX input before the power normalization.
Since the SNR depends on the time index n, then the symbol-error rate (SER) also depends on the time index n. Let us denote by P n , the SER at the time index n, with n ∈ Ω (k) . Hence, the overall symbol-error rate P e is In Rayleigh fading channel, the relationship between P n and SN R k,n depends on the symbol modulation type and is approximated in the limit of high SNR by [13] 
where α and β are constants that depend on the modulation type. Then, we define an equivalent SNR SN R eq , which provides, by (25), the same SER as the overall P e . Therefore, according to equations (25) and (24), one can easily conclude that
Substituting SN R k,n by its expression given in (23), the equation above becomes
Numerical calculations lead us to draw up Table II , where are depicted the values of
SN Req
SN R0 as a function of N and L for both IOTA and PHYDYAS prototype filters. According to this table, we notice that, practically, there is no SNR loss (at worst 0.13 dB). Then, we can expect that FFT-FBMC exhibits the same performance as OFDM.
IV. GUARD INTERVAL REDUCTION
The main drawback of the proposed scheme is the insertion of the CP in each subcarrier. Despite that the FBMC impulse response is spread over 2Δ = 4K − 2 time periods, we can reduce the CP in order to decrease the spectral efficiency loss but at the expense of performance degradation. In fact, reducing the CP causes an ISI and interblock interference. Clearly, the performance depends on the ratio between the signal and the interference power (SIR).
Since the values of f (k) 0 (Δn) are known (they depend only on the prototype filter), we can evaluate the SIR for each value of n ∈ Ω (k) and for the different values of L. Equation (9) shows that the received signal can be considered as the sum of three terms. First, let us consider only the first term T k , and after, the same developments can be applied to the other terms.
Let us denote by
T the N-point IFFT output at the kth subcarrier which is expressed by
T , and W H is the N-point IFFT matrix. According to the transmission strategy the data vector d k contains zero elements in either its first or second half depending on the parity of k. When the CP length is shorter than the maximum spread (2Δ), interference terms are added to the term T k . Let us consider a received block, after CP removal, at the kth subcarrier
T , we can write [15] 
where the upper triangular matrix T u is given by
, and the lower triangular matrix T l is given by
where P L is a permutation matrix that circularly shifts the columns to the left by L positions. All of B 1 , B 2 and A are sparse matrices, and when L ≥ 2Δ, these matrices are zero.
Demodulating y k by taking the N-point FFT, we obtain the output vector
Replacing B 1 , B 2 and A by their expressions, we obtain
Since the matrix F 0,k and the permutation matrices P L and P −L are circulant matrices, we can write
such that E L and F 0,k are diagonal matrices. Hence, the last equation becomes
where T u = WT u W H and T l = WT l W H . The diagonal elements of F 0,k are given by
and those of E L are given by
Let us denote by D the diagonal matrix which contains the diagonal elements of the term (29), and let
This last matrix represents the ISI in the same data vector d k . Thus, we can rewrite (29) as
The elements of the matrices T l = WT l W H and T u = WT u W H are respectively given by
where L 0 = N + L. According to (10), we have f
Hence, we can easily show that the entries of matrix T can be expressed as
where Also, we can show that the diagonal matrix D has as elements
Until now, we have considered only the first term T k in (9) . Regarding the other terms, we can proceed in the same way. Moreover, let us relax the assumption made in sub-section III-A which consisted in considering only the interference coming from the immediate neighboring subcarriers. Therefore, we consider all the possible terms T k+l with |l| = 0, ..., Δ , where Δ is the maximum spectrum spread over the subcarriers. Hence, we can finally write Y k as
where
and
F l,k is a diagonal matrix with entries given by
Finally, for uncorrelated zero-mean modulation symbols of equal variance, the SIR k,n at the kth subcarrier and time index n is given by
By the analogy with the definition of SN R eq in (26), we consider the equivalent SIR (SIR eq ) that provides the same SER floor as the one caused by all the considered SIR k,n . The values of SIR eq for some combinations of L and N are depicted in Table III for both considered filters.
Since the IOTA filter provides a spectrum spread beyond the immediate adjacent subcarriers, the values of SIR eq do not exceed 27 dB according to the table. Indeed, when L = 16, we obtain SIR eq = 27 dB for IOTA filter, whereas for PHYDYAS filter, we obtain SIR eq −→ +∞.
V. APPLICATION TO MIMO SYSTEMS
The motivation of this work is to propose an FBMC system which can be combined easily with MIMO techniques such as SM-MLD and STBC. In this section, we will show how the proposed scheme is straightforwardly applied to SM-MLD and STBC. 
In the case of (N r × N t ) spatial multiplexing, we transmit complex symbols d (i) k,n at the ith transmit antenna and at a given time-frequency position (k, n) such that n ∈ Ω (k) . The signal at the jth receive antenna, after demodulation, is given by
k,n is the channel coefficient between transmit antenna "i" and receive antenna "j". The MIMO channels can be spatially correlated or uncorrelated. Finally, the matrix formulation of the system can be expressed as
k,n . Now since we got rid of the interference terms caused by the FBMC modulation, we can apply the MLD in a straightforward manner. This consists just in searching the data vectord k,n which minimizes the Euclidean distancê
The sphere decoding can be also applied instead of the basic MLD in order to reduce the complexity especially when large number of antennas or high modulation are used.
As for Alamouti coding [6] , we consider the basic scheme with two transmit antennas and one receive antenna. In each subcarrier k, a complex symbol d (1) k,n is transmitted at the time instant n ∈ Ω (k) from the first antenna whereas the second antenna transmits a second symbol d (2) k,n . Then, at time instant n+1 ∈ Ω (k) , the first antenna transmits (−d (2) k,n ) * whereas the second one transmits (d
We refer by h k,1 and h k,2 the complex and gaussian channel gains at the kth subcarrier from, respectively, the first and the second antenna to the receive one. According to (15) and since the coefficient F (k) 0,n depends on the time instant n, we can write the equation (38).
Note that H k is an orthogonal matrix and
where I 2 is the identity matrix of size 2. Hence, Alamouti coding could be performed, and the data estimatesd (1) k,n and d (2) k,n are obtained by using the maximum ratio combining (MRC) equalization [6] .
VI. SIMULATION RESULTS
The performance analysis is based on the bit-error rate (BER) assessment as a function of the SNR. For all the simulations, we assume a perfect channel state information (CSI) at the RX. The sampling period is T s = 100 ns, and the carrier frequency is f c = 2.5 GHz. The number of subcarriers is M = 512.
For the FFT-FBMC, we consider different configurations corresponding to all the combinations of the values of N ∈ {16, 32, 64} and L ∈ {0, 2}. As for OFDM, the CP size (L cp ) is adapted to the channel spread length. We define the spectral efficiency loss by μ = Regarding SM-MLD, we considered a basic configuration with two spatially uncorrelated antennas at both TX and RX. First, we consider the Pedestrian-A channel [18] where the parameters are given by: Hence, for OFDM, we set L cp = 5 (μ ≈ 0.97%). The data are QPSK modulated. Fig. 3 and Fig. 4 show the performance of the FFT-FBMC, respectively, for PHYDYAS and IOTA filters and give a comparison with OFDM and the conventional FBMC using the method of [12] based on interference estimation and cancelation.
For both IOTA and PHYDYAS filters, we observe clearly that the BER degradation depends strongly on L due to the BER floor effect caused by the insufficiency of the CP. We notice that the BER floor is much higher when there is no CP inserted (L = 0). We also notice that the BER floors lower by increasing N . This is explained by the fact that the power of the interference within a block caused by an insufficient CP remains almost the same whatever the value of N > 2Δ. However, after applying the FFT at the RX, this interference is scattered over the whole block. Hence, when we double N , the distribution of the interference power is halved, and thus, the SIR is also doubled (+3 dB). This matches well with the values in Table III ; we notice, for PHYDYAS filter, that for each L, the SIR is incremented by about +3 dB when N is doubled. As for IOTA filter, the situation is different because the SIR is limited by the ICI caused by the subcarriers k ± 2.
The SIR values corresponding to the BER limits match well with FBMC with L = 2 exhibits almost no degradation compared to OFDM and outperforms the FBMC system. We notice that the curves of the FFT-FBMC/IOTA with L = 2 are almost independent of N . This matches well with Table III which shows that FFT-FBMC/IOTA has a SIR limit at 27 dB. Now, we test the FFT-FBMC/PHYDYAS with a more frequency selective channel and QPSK modulation, we chose the same channel parameters as the Vehicular-A model (without considering the velocity), that is:
• Delays = [0 300 700 1100 1700 2500] ns, • Powers = [0 -1 -9 -10 -15 -20] dB. Then, L cp = 25 (μ ≈ 4.66%). Fig. 5 shows that we obtain, for all the configurations, almost the same BER performance as in the case of Pedestrian-A channel model. obtain acceptable performance with L = 2.
As for the Alamouti scheme, we provide the performance results for PHYDYAS and IOTA filters, respectively, in Fig. 8 and Fig. 9 . We notice that with IOTA filter, we obtain almost the same performance as OFDM for both values of L = 0 and L = 2. A very slight degradation with respect to OFDM can be pointed out in high SNR regime. Unlike the SM case, the nonuse of the CP has not resulted in considerable degradations. One can notice, at worst, about 1 dB of SNR loss at BER = 10 −4 .
Regarding PHYDYAS filter, we obtain also almost no degradation compared to OFDM, except the case when N = 16 and L = 0 where we have about a 2.75 dB SNR loss w.r.t OFDM at BER = 10 −4 , and less than 1 dB at BER = 10 −2 . In all the BER figures, one can notice that OFDM outperforms the FFT-FBMC system in the whole SNR region considered. This is due to the ISI caused by the insufficient CP considered in the system and the neglected ISI in (8 
VII. CONCLUSION
In this paper, we have proposed a new FBMC scheme (called FFT-FBMC) in order to get rid of the intrinsic interference which is an issue when we combine the FBMC with some MIMO techniques such as SM-MLD and Alamouti coding. The FFT-FBMC scheme consists in performing an IDFT and DFT on each subcarrier, respectively, at the TX and RX sides inserting also a CP as in the conventional OFDM. This makes FFT-FBMC more computationally complex than FBMC. The transmission strategy depicted in Fig. 2 is applied in order to isolate the adjacent subcarriers. In this way, the equivalent system became formulated as OFDM, and all MIMO techniques can be applied in a straightforward manner. We have proposed to reduce the CP and evaluate the corresponding performance degradation. We tested the proposed scheme with two MIMO techniques: (2×2) SM-MLD and (2×1) Alamouti coding, and also with two values of the CP L = 2 and L = 0. Simulation results showed that we can almost obtain the same performance as OFDM in some configurations. However, FFT-FBMC remains slightly outperformed by OFDM because the residual interference. we proceed in the same manner by considering n 2 = 2(N + L − K) − n and n 2 = 2(N + L − K) − n. We will also find that I n,n + I n2,n 2 is independent on M when (n, n ) ∈ C 3 . Finally, we have shown that all the three terms corresponding to the summation sets C 1 , C 2 , and C 3 are independent on M . Then, A(N, L) is also independent on M .
